ČUPERA, J., SEDLÁK, P.: Design and verifi cation of engine power calculation model using the data of a digital bus built into an agricultural tractor. Acta univ. agric. et silvic. Mendel. Brun., 2011, LIX, No. 6, pp. 111-120 Engine power is a fundamental parameter for determining the utilization of an agricultural tractor. A wrong combination of a tractor and agricultural machinery leads to non-effi cient loading of the engine, which causes not only a waste of energy stored in the fuel but also increased fi nancial cost of production. The presented paper focuses on the possibility to calculate engine power from the data, which are available on the digital bus -CAN-BUS. Choosing the appropriate parameters together with the proposed model can help represent the instantaneous power needs. The messages, which provide the basic information about the load, are as follows: engine load, instantaneous torque, instantaneous fuel consumption, engine speed and a set of correction channels. These channels bring the cluster of temperatures and pressures of engine fl uids, mainly of the fuel and engine lubricating oil. Without prior determination of the regression function, the data, especially in low load, are very diff erent from the actual torque generated by the engine and measured by a dynamometer. The model represents a function of surface features with a very high index of determination. The model was verifi ed by measuring the power of the engine on a dynamometer. Validation of the model in practice was carried out in the fi eld. The tractor was connected with combined cultivator. The experiment results show a very high statistical match of the results obtained in the laboratory and in fi eld measurements. agricultural tractor, CAN-BUS, engine power, engine torque
The effi ciency of the work performed by a tractor engine is signifi cantly infl uenced by the energy needs of corresponding agricultural machinery. Aggregation of machinery is a diffi cult task, because the power demands are aff ected by many factors -soil conditions, environmental conditions, etc. Earlier tractor sets had to provide suffi cient power reserve. The electronics of current tractors allow short-term engine power boost. To assemble a suitable working set it is necessary to understand the needs of the tractor engine. The control systems for each tractor component are now equipped with computer networks based on digital buses. One of the most important ones is the CAN-BUS. Its description is given by Bosch (2006) and further applications have been written by Auernhammer and Speckmann (2006) . The frames of the CAN-BUS contain the necessary information about engine load, but my experiences with the use of these data always makes me question the accuracy of indirect methods. The published output of the experimental work using these data is focused on the mobility parameters of vehicles, Suvinen and Saarilahti (2006) . The experimental work described in this article brings results regarding determined precision of CAN data.
MATERIAL AND METHODS
Measurements were done in the Vehicle laboratories of the Department of Engineering and Automobile Transport at Mendel University in Brno. The second part of testing was carried out in the fi eld. The aim was to verify the possibility of performing measurements using the messages coming from the CAN-BUS of a tractor. The object of our work was to determine the engine power on the basis of data readings from the CAN-BUS during the tractor's operation. Given our previous experience with uncertainty of obtained values, it was necessary to select the appropriate channels and determine their accuracy. The obtained data were used to design an engine power determination model. For this purpose it was necessary to compare the values obtained from internal sensors in the tractor with the ones from externally mounted sensors. In the second stage of measurements, fi eld tests were carried out and verifi ed. The Claas Axion 850 Cebis was used as a sample.
The full engine characteristics were measured to determine the accuracy of the CAN-BUS values. These measurements were carried out in a way so that the engine was loaded within the range of full engine characteristic according to selected points. The main purpose was to achieve uniform distribution of the measured points. The full engine characteristic is thus not determined by direct measurements, as rated characteristics, but it is a construction of a surface composed of curves measured at various fuel supply and engine load levels. General requirements according to ISO 789-1 were respected. A chart of full engine characteristic was constructed from partial potential characteristics (11 curves) and from the envelope curve, which represented rated torque characteristic. To calculate the instantaneous engine power, the instantaneous torque obtained as a percentage value from the CAN-BUS appears to be the most appropriate of the measurements made. Therefore, a full torque characteristic consisting of instantaneous torque curves was made before fi eld testing. The curves of partial load were fi tted by polynomial interpolation. Both torque values -measured by a dynamometer and read from the CAN-BUS, were sampled simultaneously and processed by the method of least squares as well. The order of the polynomial interpolation used was set so as to obtain the highest value of the coeffi cient of determination. This way a true curve of fi tted data is guaranteed. The engine torque was calculated on the basis of actual value of torque transmitted via the CAN-BUS. Similarly, an equation of linear dependence of torque and engine speed was computed for every curve of partial load. By substituting the previously computed value of torque in the equation of the line of speed characteristic the value of engine speed can be determined where the instantaneous torque detected by CAN was achieved. By fi tting the calculated values into all curves in the speed characteristics, we will obtain isolines describing other instantaneous torque values. The same procedure was used for all isolines of torque. Testing was carried out in the Vehicle Laboratory at Mendel University. Engine parameters were measured under load generated by an eddy current dynamometer. The torque was transferred via PTO (see Fig. 1 ). Torque and speed of the output sha were measured together with the following parameters: fuel mass consumption, intake air temperature, inlet air pressure, compressed air temperature at the turbocharger outlet, air temperature a er intercooler, engine oil temperature, engine coolant temperature, exhaust gas temperature etc. The CAN-BUS data and values of the test bench were sampled simultaneously. The CAN-BUS of the tested tractor was fully compatible according to the requirements of SAE recommendation J1939 in extended Arbitration ID (29 bit). The communication speed usually used was 250 kbps. The analysis of frames rendered the following relevant channels: instantaneous torque, engine speed (revs), engine load, intake air temperature, fuel temperature, fuel rate etc. Ambient conditions (barometric pressure, humidity and air temperature) were monitored and stored in the fi le together with all channels. The testing procedure was performed according to ISO 789-1. Sample rate was set to default, which meant a time period of 55 ms. The torque value was measured by an eddy dynamometer connected to PTO via a sha . Regulation and data acquisition was provided by a regulation system of the test bench. The measured data were saved into an Excel fi le. Specifi cations of the dynamometer are given in Tab. II.
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Measurement of fuel consumption was carried out using two Coriolis mass fl owmeters Sitrans FC MASS 6000 MASSFLO in diff erential connection to prevent possible eff ect on the fuel system of the tractor. Other systems of fuel metering could add a very high pressure loss. The values of temperature were measured with K-thermocouples; the values of pressure were measured using piesoresistive sensors. Data obtained from the test bench instrumentation were extended by a data matrix of the CAN network. The solution of CAN listening can be ensured by many so ware applications but our target was to collect data within the same time base. Therefore, we created our own application in the LabVIEW development studio from National Instruments. The second part of research was focused on verifi cation of obtained data in the fi eld. The tractor worked with combined cultivator.
The tests were conducted on a fl at fi eld with sandy-loamy soil near the village of Bantice. The surface of the fi eld a er the harvest of winter wheat had been treated by discs harrows to a depth of 8 cm. Testing sections were delimited on a fl at stretch as the measuring track. The tests consisted of two sets of gear shi ing. The fi rst one shall be refered to as B and the other one as C. The reason for this decision lies in the possibility of engine power boost occurring if the C group is chosen. In the fi eld tests also the data from internal and external sensors installed in the tractor systems were measured for the purpose of the tests. The data coming from the internal sensors were obtained by reading the CAN network. The main sample rate was set to 20 samples per second. The external device for determining the ground speed was based on TGSS RDS radar sensors. Because of possible inaccuracy of the radar measurements caused by surface roughness, a GPS module was mounted onto the tractor roof. Theoretical velocity was measured with the support of an incremental sensor. A trigger signal indicating the start and the end of measurement was taken from a refl ective red light sensor. The signals from external sensors were brought to the measuring unit and amplifi er Spider8. The data were processed by proprietary so ware and saved to hard disc of a measuring laptop (see Fig. 2 ). For that purpose we needed to write our own application in the LabVIEW from National Instruments. The internal architecture consists of four loops; one for each of the three devices, the fourth loop is used to save the data to a fi le. Data synchronization is ensured by resetting the loops with a real delay diff erence of 10 ms. Sampling of the data was adjusted to the maximum required sampling, meaning that the data were then repeated in a loop, unless a change was detected. The routine of Spider8 includes not only value readings but also complete confi guration of the amplifi er, especially the port communication settings. In this loop, there are also calibration constants and other transformation functions. A CAN-BUS subroutine collects the data from the bus, or, as the case may be, it performs fi ltering of the data on the hardware physical layer and interprets them in a decimal form. The GPS loop decodes standard NMEA sentences in ASCII format. The data from the previous routines are sent into the saving loop via global and shared variables. If the record button is pushed, the computer will store the data in an ASCII data fi le with a predefi ned sampling (20 Hz sample rate found to be optimum). The measurement of engine parameters via PTO, and measurement of drawbar performance was carried out in accordance with the OECD methodology. Evaluation of the measured data from fi eld tests was performed according to standard procedures described in the literature.
One of the objectives of the fi eld tests was also to carry out verifi cation of the engine power calculation and to determine the eff ect of power boost on the energy parameters of the tractor set with the working machine. The measurements were made using a Claas Axion 850 tractor connected with a combined cultivator Cebis Väderstat 350 Cultus (see Fig. 3 ). Technical specifi cations of the cultivator are given in Tab. III) Testing sections of the track were 250 m long. One measurement consisted of two runs with a full working width. It means that there was no overlap of the areas covered by each run. At the end of the testing section, the working tractor turned around and continued back to the beginning of the track. The set of the tractor and cultivator was subjected to measurements at diff erent working depth settings. The cultivator was attached to the tractor using a bar located at the bottom of connecting rods. The frame of the cultivator was kept in a plane parallel to the ground when operating. Two sets of gear shi ing (B and C) were tested and compared in terms of the value of engine power. Fuel supply was always set to maximum using the manual governor. During the tests, the tractor axle diff erential lock was turned on. The tractor was equipped with a ballast of 1 200 kg attached to the front three-point linkage. The calculation of engine power and indicators of performance are based on the following parameters: engine speed, instantaneous torque, fuel consumption, ground speed, theoretical speed, time for each operation and engine load. The combined cultivator is composed of three working sections. The fi rst section is a cultivator with three rows of tines. The second section consists of greaseless leveling discs with rubber suspension. The last section consists of a rubber roller.
RESULTS AND DISCUSSION
To assess the possibility of using the CAN-BUS data on instantaneous torque, it was necessary to compare these data with the measurements results in the laboratory. Similar measurements were made by authors Murthy, Ramakrishna (2009) , who monitored the operational status of the tractor during 100 hours. They too used the CAN-BUS for this purpose. Their results brought interesting data such as the engine speed where the histogram shows that the tractor engine operates at speeds above 2 000 rpm most frequently. The message of instantaneous torque is presented as a percentage meaning that conversion into real value must be carried out with the aid of full engine characteristic (see Fig. 4 ). The outside curves represent engine
3: The working set of Claas 850 Axion tractor and Väderstat Cultus CS 350 combined cultivator
4: Torque curves of Claas 850 Axion tractor with isolines of CAN-BUS values of torque
power with and without power boost mode. Engine power boost was activated by electronics in the case of laboratory measurement. The isolines labeled by percentage values show instantaneous torque taken from the CAN-BUS. The chart featuring rated torque (see Figure 4) clearly shows that without power boost the torque increase is about 65.9% while the engine speed decreases by about 39.5%. By turning on the power boost the torque increase dropped to about 46.6% with 39.6% drop in engine speed.
The increase in engine power, which can be seen in graph on the Fig. 4 , is achieved by increasing the supply of fuel, which is evident from the course of injection volume. Activation conditions for engine boost are stored inside the electronic control unit.
The full engine characteristic shows isolines of instantaneous torque taken from the CAN-BUS. The chart shows that the data from the CAN network do not correspond with the values measured via PTO. The largest deviations were measured at a low percentage of the current torque. For example, in case of the instantaneous moment of 20% at a speed of 1 400 min
, it is evident from the graph that the instantaneous torque should correspond to the actual measured torque of 170 Nm. In fact, however, it is only 100 Nm, which is a 41% deviation from the desired value. At the speed of about 1 800 min −1 and with the same instantaneous moment this makes a 65% deviation. The above clearly shows that the rate of data error from the CAN network is growing with increasing engine speed. The error does decrease with higher loads but the tractor was measured at full load with values greater than 100% (up to 111%). From the above it is clear that a simple comparison of the measured torque with maximum torque values stated by the CAN would be subject to considerable error. For the improvement of accuracy of CAN readings it is therefore necessary to measure the torque by a dynamometer.
The determination of the actual power value requires calculation of a surface equation, where the curves of engine power are drawn in dependence on the torque and engine speed. Regression analysis was calculated from the measured values of the regression equation using the area, which can provide actual power value. Statistical description is given in Tab. IV and Tab. V. The general equation of the calculated surface has this form: From the above analysis of measurement results in the laboratory, it is clear that the calculated regression function represent the measured values very well. It is thus possible to use it to determine the values of instantaneous power using the readings from the CAN-BUS when in operation. The courses of curves for constant engine power values might be found from the regression surface of dependence on the engine speed and -the instantaneous torque. The construction of the chart of isolines is as follows. We keep the planes parallel to the xy plane (n-MTA) at the corresponding heights (selected power values), these intersect the regression surface at intersections whose projections in the xy plane constitute the isolines for constant power.
If the general notation of the calculated regression surface is (see equation 1)
The equation of a plane parallel to the xy plane is (see Fig. 5 ):
A common solution to both equations (2) and (3) is obtained in the form of equation of the intersection representing a curve of constant power, where the chosen power is P = h/g. Solving these equations for y leads to a quadratic equation in the form of: 
The real roots are positive, meaning that the positive values are also the values of instantaneous torque. Thus calculated curves for constant power are plotted in graphs in Fig. 7 and Figure 8 . In this characteristic, the rated torque with a full supply of fuel is shown for clarity. The graphs show that the curves of constant power diff er from the hyperboles in the standard full characteristic of n-Mt coordinates. In this coordinate system, the power curves are characterized by a known formula:
The deviations from the hyperbolas shown in Fig. 7 and Fig. 8 are caused by the fact that the correlation between the actual measured torque (Mt) and the instantaneous torque taken from the CAN-Bus (MTA) is not linear and it changes with growing engine speed. The largest deviations from the hyperbolas are especially clearly visible at lower power levels.
CONCLUSION
The aim of the laboratory and fi eld measurements was to obtain a verifi ed model of engine power determination based on data taken from the CAN-BUS. Real operation data of a tractor set were used for the comparison with calculated equations. The tractor was tested in a laboratory before fi eld measurements were carried out. Measuring in the laboratory was focused on matching the values obtained directly from a test bench and indirectly from the CAN-BUS. These results were plotted into a full engine characteristic. Analyses of the results pointed to the fact that the use of pure data taken from CAN-BUS could not be used for further processing without regression. Therefore, we performed laboratory measurements with the intent to design a model for the determination of engine power. The model allows us to use the data obtained from the network to determine the basic tractor engine parameter, which is the engine power. The advantage of using the proposed model is that it is possible to monitor the engine's operating parameters using the data from the tractor's internal sensors with minimal cost. Mostly, all external sensors cannot be mounted simultaneously. The article is an example of verifi cation of the proposed model in practice when operating Claas Axion 850 tractor with a cultivator. The proposed model can be used in practice to determine the energy performance of diff erent machines working in a set with a tractor.
7: A chart of isolines representing engine power of the tractor Claas 850 Axion
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SUMMARY
The work is focused on the possibility of using messages of CAN-BUS for attaching agricultural machinery. The basic parameter is the amount of instantaneous torque and engine speed. The channel of generated instantaneous torque is described in the specifi cation SAE J1939. The goal of the experimental work was to design a mathematical model, which will be able to use energy effi ciency for further determination and needs in agricultural production. Validation of the model was carried out in fi eld conditions with a Claas Axion 850 Cebis tractor attached to a combined cultivator Väderstat Cultus 350. Laboratory measurements were carried out before fi eld testing. A full characteristic of the engine was measured on an eddy current dynamometer. The selected channels of CAN-BUS were sampled simultaneously with the values obtained from a test bench. By plotting the results of measurements into a graph, it was discovered that the variation of direct and indirect methods is very signifi cant. The instantaneous torque presented by CAN-BUS at the engine speed of 1400 min −1 was about 20%, which would imply a value of 170 Nm. However, the actual measured value of the engine torque was only 100 Nm. The diff erence is thus 41%. Regression analysis was calculated from the measured values of the regression equation describing the surface of engine power. The precision of the dependence is shown by the coeffi cient of determination, which rises to 0.99851, thus 99.85% of the variance is explained by the calculated regression function. This means that higher engine power brings higher calculation accuracy. From the analysis of residues it can be seen that for higher loads the maximum deviation from the calculated area is about ± 2.5% of maximum power. The model is thus suffi ciently accurate for possible further analysis, which would be based on these data.
